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Abstract Paper presented the main aspect in efficiency of
distribution of network. Losses are inevitably connected with
the flow of energy, however not all of them are direct func-
tion of the flow. Calculation of losses requires firstly their
breakdown according to their source of origin. Technical load
losses can be divided into three levels: “real losses i.e. the
ones that really exist in the network, justified losses i.e. the
ones that may be achieved at efficient operation of the net-
work, optimal losses i.e. the ones, at which level the costs of
distribution and supply are the lowest”. Calculation of real
losses in the distribution network is not sufficient for the eval-
uation of this network. Comparison of losses, even as per-
centage of the total energy in the network between different
areas e.g. regions doesn’t lead to meaningful conclusions.
One has to compare real losses with justified or optimal
losses. It has to be stressed that unjustified losses i.e. the
difference between real losses and justified losses are insig-
nificant, in the range of 2–3% i.e. approx. 10–15% of real
losses on average. In case of a single region, the difference
may be larger. Presentation of the network as a set of ele-
ments enables its optimisation as a whole. The cost factors
from the optimisation of network development point of view
are: (1) deprecation costs of construction of the station, (2)
deprecation costs of construction of the line and, (3) costs of
losses.
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1 Introduction

The main problem in the calculations of distribution network
parameters is not so much the great length of such networks,
as the lack of information on loads in particular network ele-
ments. The large amount of data is manageable by means of
computers, but continuous measurements of loads in partic-
ular elements, such as line sections, are practically impos-
sible. Instead, it is possible to treat the network as a set of
elements.

Means available for investment can be fairly allocated
on the basis of the network optimization. The optimiza-
tion itself, however, is not sufficient and does not lead
directly to the method of dividing the financial means. It is
also necessary to consider the network transmission capac-
ity defined as the ratio of energy flowing through the net-
work to the percent indicator of loss resulting from the flow
[3, 14, 19, 20]

εp% = E

�E%
· 100% = E2

�E
(1)

The notion of transmission capacity concerns load loss
in the lines of a particular network. The average value
of load loss obtained in the last several years in Poland
is 85% for the 110 kV and 94% for the medium voltage
network. In low-voltage networks, the load loss in lines
amounts to 45% of the total loss. Here, the second big-
gest source of loss is the transformer loss. Therefore, for
low-voltage networks, it is necessary to consider the loss in
lines and the loss in medium to low voltage transformers
jointly.

123



138 Electr Eng (2011) 93:137–146

Table 1 Transmission capacities in particular area units (RE)

En Es �En �Es σn σs

(
σn
σrn

) 1
3 b

(
σs
σrs

) 1
3

�Ern �Ers εpn εps

(MWh) (MWh) (%) (%) ( MWh
km2 ) ( MWh

km2 ) (%) (%) (GWh) (GWh)

RE1 423,740 697,465 3.34 2.71 298.62 491.52 1.045 1.277 3.49 3.46 12,142 20,158

RE2 141,070 268,357 5.32 4.67 93.42 177.72 0.976 0.912 5.19 4.26 2,718 6,299

RE3 229,510 425,835 4.92 2.26 140.29 260.29 0.965 1.035 4.75 2.34 4,832 18,198

RE4 125,970 190,180 5.61 5.47 75.56 114.07 0.950 0.784 5.33 4.29 2,363 4,433

RE5 179,440 310,229 5.46 3.48 78.27 135.32 0.956 0.833 5.22 2.90 3,438 10,698

RE6 191,170 403,045 4.17 4.71 156.06 329.02 1.014 1.119 4.23 5.27 4,519 7,648

Average 132.40 235.40a

a Average calculated for the whole division
b In the low-voltage network this coefficient is calculated only with respect to load loss in lines

2 Network transmission capacity

On the optimum conditions, the loss in the transmission
capacity equation is the loss occurring for the minimal cost of
energy distribution in a given network. For an area-structure
network, the optimum loss is [4, 5]

�Eo% = 3

√
WskFSrgFkLZrgL · 104

Ek2
�

= ko E− 1
3 (2)

where

W s the network coefficient
kFS the variable, power-dependent part of the cost of

substation construction, PLN/substation,
rgF the yearly amortization rate on the cost of

substation construction,
kLZ the variable, cross-section dependent cost of line

construction, PLN/ mm2km,
rgL the yearly amortization rate on the line

construction cost,
k� the cost of the network loss, PLN/MWh,
E energy, MWh

The coefficient Ws, is defined as

Ws = χ2 A (2ts + 1)

67tsU 2
r cos2 ϕr krL δs

(3)

where

A area, km2,

χ the coefficient of area idealization,
ts the relative time of load peak,
Ur average yearly voltage at the clamps, kV,
cos ϕr the average yearly power coefficient,
δs the coefficient of cross-section utilization,
krL the coefficient of line reserves.

substituting (3) into Eq. (2)

�Eo% = ko
− 1

3
σ (4)

where σ = E/A (MWh/km2) is the density of energy load.
Since the optimum loss is proportional to the third root

of area load, the same proportion was preserved in obtain-
ing the loss per average load in an area unit. The average
load in an area unit is not a straightforward issue. There is a
significant difference in load between urban areas and other
areas. At the same time, the percent indicators of loss are
reversely dependent on area loads but this relationship is not
proportional.

The problem lies in the fact that the relationships are dif-
ferent for the area model of the network and for the lin-
ear model applied to the low-voltage network. In the case
of a rural low-voltage network, it is difficult to ascribe a
particular area to a given network. Additionally, the loss
in the medium/low-voltage transformers has to be consid-
ered and it is a considerable portion of total loss in this
kind of network. In spite of that, it is undoubtedly nec-
essary to consider the differences in the area loads when
comparing area units. Because of that, the average area
load was calculated for area units. The average area load,
which is not equal to the average value of area units, was
used as reference for percentage loss, calculated propor-
tionally to the third root. In this way an amended per-
cent loss indicator was obtained, which is now valid for all
the types of networks. With this indicator, the transmission
capacity was calculated for low- and medium-voltage net-
works in a distribution company. The results can be seen in
Table 1.

The transmission capacity for the 110 kV network was
obtained separately

εp110 = 4,963.920 GWh

2.4847%
100% = 199,779 GWh
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The differences between transmission capacities for medium
and low voltages are notable, especially in urban areas. In
comparison to the 110 kV network, however, they are rela-
tively insignificant as the capacity is about 40 times lower.
It results from the difference in the voltages and its influ-
ence on the load loss, being the major part of total loss.
Such differences do not occur between the medium- and
low-voltage networks because load loss in low-voltage net-
works is not the major portion of total loss. The differences
will be affected by the proportion between current loss and
voltage loss.

The magnitude of the transmission capacity cannot be
treated as the only parameter for assessing the network oper-
ation. It is necessary to compare the existing capacity to the
optimum capacity and therefore to find an optimum loss indi-
cator, i.e. the indicator of loss corresponding to the minimal
energy distribution cost.

3 Network optimization

3.1 Introductory remarks

The theoretical foundations of network optimization are
described in [2, 6, 7]. Some coefficients, especially cost coef-
ficients are difficult to establish, but some solutions have to
be found.

The optimization of the 110 kV network and medium-volt-
age network is based on the area-structure network model.
For the low-voltage network, a linear-structure model with
the medium-/low-voltage transformers is more appropriate.

3.2 Optimization equations

The power network can be divided into

1. Networks covering and feeding a specific area, referred
to as area-structure networks and including low-voltage
urban networks, all medium-voltage networks, 110 kV
networks.

2. Networks which do not cover a specific area, referred
to as linear-structure networks, and including rural low-
voltage networks.

Treating the network as a set of elements makes it possible
to optimize it as a whole. Such optimization is of limited
range, however, since it concerns only a number of substa-
tions feeding a network and the average cross-section of lines
constituting the network. The loss cannot be disregarded in
optimizing the network because the loss is a part of costs.
Since the network optimization has to be based on the amount
of energy flowing through the network, only the loss associ-

ated with the energy flow is to be considered as an element of
costs. Other kinds of loss, such as voltage loss, or account-
ing loss can be disregarded as not affecting the optimization
results.

Other elements of costs which are to be taken into account
on the network development optimization are: (1) amortiza-
tion on the cost of building substations, (2) amortization on
the cost of building lines and (3) cost of loss [11, 12]. The
basic cost equation is

K = F
(
kFS + S · kFZ

)
rgF

+L (kLS + shrkLZ) rgL + �Eo · k� (5)

where

F the number of substations
S the average power of a substation, MVA
kFZ the variable, power-dependent cost of

building a substation PLN/station MVA
L the length of the distribution lines, km
kLS the constant cost of the lines building PLN/ km a
shr the line commercial cross-section, mm2

�Eo the energy loss in the network, MWh/a
k� the cost of the energy loss, PLN/MWh a

On the basis of Eq. (5) the optimum value of the
parameters, such as cross-section, number of substations,
and load loss level are determined. The 110 kV and the
medium-voltage networks are area-structure networks, so the
calculations are made on the basis of [8–10]

– The optimum number of substations

Fo = 3

√√√√as E2WSk�kLzrgL

100
(
kFsrgF

)2 (6)

– The optimum cross-section

shro = 1

L
3

√√√√as E2WSk�kFSrgF

100
(
kLZrgL

)2 + bs (7)

where as, bs— are the indicators for graded cross-sec-
tions assumed as as = 0.305, bs = 24.3

– The optimum loss indicator is

�Eo% = 3

√
asWskFSrgFkLZrgL · 104

Ek2
�

(8)
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Table 2 Output data for the optimization of the low- and medium voltage networks

SD RE1 RE2 RE3 RE4 RE5 RE6

A[km2] 9,634 1,419 1,636 1,225 2,293 1,667 1,510

Lnn [km] 15,665 13,664 2,516 1,483 3,608 2,950 2,711

Lnn [km] 3,242 1,140 656 585 401 178 439

LSN [km] 9,798 1,147 1,556 936 2,072 1,601 1,508

LSNk [km] 1,118 428 232 219 104 50 84

Enn [MWh] 1,103,886 359,040 201,327 162,092 159,218 103,207 120,002

ESN [MWh] 2,193,177 697,465 425,835 403,095 310,229 190,180 268,357

Fnn [number] 40 10 9 4 5 2 3

FSN [number] 8,848 1,523 1,676 1,017 1,797 1,500 1,491

Table 3 Optimum parameters for the medium-voltage network

Unit Ws Fo shro �Eo%

1 RE1 16.9 7 63.5 3.03

2 RE2 2.65 2 49.5 3.25

3 RE3 2.87 6 48.2 3.37

4 RE4 2.92 1 44.1 3.59

5 RE5 4.02 3 47.6 3.47

6 RE6 2.15 2 45.2 2.91

7 Average 5.25 3.5 49.7 3.27

In Table 2, the output data are shown for the optimization
of the low- and medium-voltage networks for the particular
area units (RE). The data contained in Table 2 and the data
on the cost of the network construction and on other tech-
nical and financial parameters were used for calculating the
optimum parameters, shown in Table 3. The optimum loss
indicator for the 110 kV network is �Eo110 kV = 1.14%, and
this value is only marginally lower from the value represent-
ing the real loss (1.55%) in this company.

3.3 Optimization of the linear-structure network

For the linear-structure network, the equation representing
the energy distribution cost with the cost of transformer loss
is [13, 15]

Kr = F
(
kFS + SkFZ

)
rgF

+L (kLS + shrkLZ) rgL + E2LW LN

100F2shr
· k�

+F
1
4

(
E

TS cos ϕs βs

) 3
4

kr

(
au β2

s kT τ k�T + ajTrk�j

)

(9)

where:

WLN the linear coefficient represented as

WLN = �Eo% F2shr
E L

aj coefficient of the unitary voltage loss,
[MW/MVA3/4]

au coefficient of the unitary load loss,
[MW/MVA3/4]

βs coefficient of the transformer load,
τ time of the maximum load power loss dura-

tion, h
k�j the cost of the energy voltage loss,

PLN/MWh a
Tr yearly time, h.

After calculating the first derivative with respect to the
number of stations and the cross-section, equating it with
zero and solving the following is obtained

kFSrgF − 2E LW LNk�

10F2
√

WLNk�

kLZrgL

+
(

E
Ts cos ϕs βs

) 3
4

kr
(
au β2

s kT τ k�T + ajTrk�j
)

4F
3
4

= 0 (10)

The equation above does not have an analytic solution with
respect to the number of substations F. It can be solved by
means of the Chebyshev equations.

– The optimum number of substations will be then
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Fo =

√
0.104

(
E

Ts cos ϕs βs

) 6
4
λ2+

[
4kFSrgF+0.052

(
E

Ts cos ϕs βs

) 3
4
λ

]
·
[

0.2E L
√

WLNk�kLZrgL+0.071
(

E
Ts cos ϕs βs

) 3
4
λ

]

2kFSrgF+0.026
(

E
Ts cos ϕs βs

) 3
4
λ

+

−
0.323

(
E

Ts cos ϕs βs

) 3
4
λ

2kFSrgF+0.026
(

E
Ts cos ϕs βs

) 3
4
λ

λ = krajTrk�j+krau β2
s kT τ k�T

– The optimum cross-section

shro =
√

E2WLNk�

100F2kLZrgL
(11)

– The optimum loss indicator

�Eo% = WLN E L

F2
o shro

(12)

Equation (10) can also be solved numerically. In this equation
the optimum transformer load coefficient βs appears, whose
value is not known when the optimization is carried out.

The equation representing the cost of energy loss in a
group of transformers is

K�T = F1/4
(

E

Ts cos ϕs βs

)3/4

kr

(
au β2

s kT τ k� + ajTrk�j

)

(13)

First, it is necessary to obtain the derivative of the cost with
respect to the transformer load ratio βs from Eq. (13) and
equate it with zero. In this way the formula for the optimum
transformer load coefficient is arrived at

βo =
√

3
(
kFzrgF + ajkrTrk�j

)

5kraukT τ k�

(14)

When the cost of building a substation is taken into consid-
eration, Eq. (14) becomes

K = F

(
kFs +

(
E

FT s cos ϕs βs

)
kFz

)
rgF

+F1/4
(

E

Ts cos ϕs βs

)3/4

kr

(
au β2

s kT τ k� + ajTrk�j

)

(15)

Differentiating Eq. (15) with respect to the transformer
load coefficient yields

d K

d βs
= −

(
E

Ts cos ϕs

)
kFzrgF β−2

s

+5

4
· F1/4

(
E

Ts cos ϕs

)
kraukT τ k� β1/4

s

−3

4
· F1/4

(
E

Ts cos ϕs

)
ajkrTrk�j β

−7/4
s (16)

Substituting for β
−1/4
s = x; a =

(
E

Ts cos ϕs

)
kFZrgF;

b = 5

4
F1/4

(
E

Ts cos ϕs

)3/4

kraukT τ k�;

c = 3

4
F3/4

(
E

Ts cos ϕs

)3/4

krajTrk�j

the above equation can be brought to

−ax9 + b − cx8 = 0

The equation does not have an analytic solution but it can be
solved by means of iterative methods, such as the Newton
tangent method. It can also be solved approximately with the
following simplifying assumption

x8 (ax + c) = b

The value βopt is in the interval 0.6 ÷ 1; the value of x is
about 1. Thus, x8 (a + c) = b. Then, the formula for the
optimum load transformer coefficient is

βso =

√√√√3F1/4krajTrk�j + 4
(

E
Ts cos ϕs

)1/4
kFZrgF

5F1/4krau pRT τ k�

(17)

The optimum parameters calculated are shown in Table 4.
The optimum loss given in Table 4 concerns the lines and

transformers with the optimum number of substations and
the optimum transformer load.
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Table 4 Optimum parameters in the low-voltage network

Unit WLN βs Fo shro �Eo%

1 RE1 0.1984 0.81 716 70.15 5.08

2 RE2 0.4655 0.81 951 31.16 8.97

3 RE3 0.4370 0.80 1,084 41.87 7.55

4 RE4 0.5413 0.79 1,038 27.95 9.45

5 RE5 0.4422 0.79 1,257 29.32 8.81

6 RE6 0.3821 0.79 688 49.71 6.84

4 Comparison of the transmission capacity

On the basis of the data and formulas given above the
per cent energy losses and transmission capacities of the
particular networks were obtained. The networks were
divided

a. According to the administrative division into area units
b. According to the voltages into low and medium
c. The 110 kV network was treated separately because it

has to be considered holistically at the level of the distri-
bution company.

Taking into account that the transmission capacity is
always expressed in (GWh/%), and the differences occur-
ring between urban and rural areas are small in comparison
to the difference between the 110 kV and the lower voltages
the distinction between urban and rural areas will be disre-
garded in further considerations.

In Table 5, the percent energy losses, both optimum and
real, are shown for the area units and voltages. The energy
loss is equivalent to the load loss in the medium-voltage and
110 kV networks. The data concerning the latter are valid
for the whole distribution company. For the low-voltage net-
work, the loss is equivalent to the load loss in the lines and
the total loss in the medium-/low-voltage transformers, both
for the real loss and the optimum loss.

Further, the transmission capacities, i.e. the ratios of
energy input to the network to the percentage loss coefficients
are compared. In the next columns, one can see the differ-
ences between the optimum and real transmission capacities.
The negative value means that the real capacity is higher than
the optimum capacity. It follows from Table 5 that the con-
dition of the low-voltage network is somewhat better than
the optimum—all the values are negative. In the medium-
voltage networks, a greater variety can be seen, depending
on the area unit.

It is difficult to point to one definite explanation of the
fact that all the low-voltage networks are better than the opti-
mum. In the last 15–20 years, the consumption of energy by
receivers fed from the low-voltage network has been kept at
more or less the same level, so the reason cannot be associ-
ated with the drop in such energy consumption. One could
seek explanation in the tendency to invest substantial amount
of money into the low-voltage networks, or in the proportion
between the cost of investment and the cost of energy. It may
well be the case that both of the factors play a role here.
It is also interesting to note that the change in the propor-
tion of costs, and more precisely increase in the investment
cost is not observed in the medium and 110 kV networks and
only in the low-voltage networks. It will obviously affect the
distribution of the investment means.

In order to find a non-ambiguous basis for the distribu-
tion of the means, it is necessary to standardize the results by
adding to all the differences between the optimum\and real
transmission capacities the value corresponding to the low-
est value of the difference. Such lowest value can be found
in the medium-voltage network of Unit 3 -5562 GWh, When
this value is added with the positive sign, the overview is
obtained as in Table 5.

The percent investment expenditure shares are determined
on the basis of the difference between the optimum and the
real transmission capacity of the network. The distribution
of the means is dominated by the 110 kV network, as a result
of the amount of energy flowing. Even a small improvement
in the efficiency of this network results in significant savings

Table 5 Transmission capacities

Rejon �Enr% �ESN% εpn(GWh) εps(GWh) �ε = εopt − εrzecz

Real Opt. Real Opt. Real Opt. Real Opt. Low voltage Medium voltage

RE1 3.49 5.09 3.46 3.03 121,42 8,325 201.58 230.19 −3,817 2,861

RE2 5.19 8.91 4.26 3.25 2,718 1,583 62.99 82.57 −1,135 1,958

RE3 4.75 7.52 2.34 3.37 4,832 3,052 181.98 126.36 −1,780 −5,562

RE4 5.33 9.30 4.29 3.59 2,363 1,355 44.33 52.97 −1,008 864

RE5 5.22 8.80 2.90 3.47 3,438 2,039 106.98 89.40 −1,399 −1,758

RE6 4.23 6.78 5.27 2.91 4,519 2,820 76.48 138.50 −1,699 6,202

SD 4.70 7.73 3.75 3.27 5,002 3,246 112.39 120.00 −1,806 761

123



Electr Eng (2011) 93:137–146 143

Table 6 Investment distribution
Unit Network (GWh) Share (%)

Low voltage Medium Low voltage Medium Low + medium

1 RE1 1,745 8,423 1.23 5.94 7.17

2 RE2 4,427 7,520 3.12 5.31 8.43

3 RE3 3,782 0 2.67 0.00 2.67

4 RE4 4,554 6,426 3.21 4.53 7.74

5 RE5 4,163 3,804 2.94 2.68 5.62

6 RE6 3,863 11,702 2.73 8.26 10.99

110 kV 81,290 57.37

Table 7 The investment distribution in the low- and medium-voltage
networks

Unit Share (%)

Low voltage Medium Low + medium voltage

1 RE1 2.89 13.94 16.83

2 RE2 7.32 12.46 19.78

3 RE3 6.26 0.00 6.26

4 RE4 7.53 10.63 18.16

5 RE5 6.90 6.28 13.19

6 RE6 6.41 19.38 25.79

Total 37.31 62.96 100.00

in terms of absolute loss.

�Eoo = 1.14% εpo = 435,432 GWh

�Eo =1.38% εpr =359,704 GWh � εp =75,718 GWh

Since the 110 kV network is dominant in the investment share
distribution, it may appear that the differences in the means
assigned to the lower-voltages networks are small. If one
looks at the distribution of investment between the low- and
medium-voltage networks in particular area units, the differ-
ences are significant. The investment is at the similar level for
the low voltage networks, with the exception of RE1, and var-
ies from zero to almost 20% in the medium-voltage network.
It has to be noted that if the distribution of the investment
did not cover the 110 kV network, the shares within the low-
and medium-voltage networks, see Table 6, would remain the
same because they would be based on the same differences
between the optimum and real transmission capacities.

There is one more aspect of the problem, namely the cost
of making a consumer connection, which is not subject to
any systematic treatment. It is difficult to predict whether the
investment means allocated on the basis of the transmission
capacity will be sufficient to cover the cost of the connec-
tion. Alternatively, a distribution company could retain some
means for this purpose before dividing the means among the
networks.

5 Financing the consumer connections

According to the regulations, the energy distribution com-
pany is obliged to connect new consumers to the network or
to increase the capacity of the existing connection, regardless
of how the cost of the new connection is ultimately settled
[1, 16–18]. Thus, the distribution unit (area unit, company),
must be capable of financing the necessary cost of materials
and labour.

The following issues related to financing new consumer
connections deserve attention:

a. The means required may be high as compared to the cost
of network development and modernization.

b. The cost of new connections is not associated with the
difference between the optimum and real values of the
network transmission capacity.

c. The cost will vary depending on the network voltage so
it has to be considered separately for each case.

5.1 110 kV network

A consumer fed from the 110 kV network is not a retail con-
sumer. Such consumer’s application for the connection is
submitted well in advance and the method of connection and
its financing is usually subject to negotiations. It has to be
remembered that the energy supplier will profit from gaining
such a customer in two ways: by increasing energy sales and
by increasing the network transmission capacity (110 kV).

As was mentioned, plans to connect major 110 kV con-
sumers are made in advance so there is enough time to allow
for the availability of means, which can be allocated for this
purpose out of the total amount of means intended for the
network development and modernization.

Let the symbol
∑

Nrstand for the total network develop-
ment means and Np110 for the new connection means. Then
the amount of investment means left for the actual develop-
ment and modernization of the network is
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Nr =
∑

Nr − Np110 (18)

It will be further divided according with the needs deter-
mined by the network transmission capacity, including the
110 kV network. The fact that connecting a new consumer
will affect the 110 kV network transmission capacity cannot
be considered in the calculations until the new connection is
completed.

5.2 Medium-voltage network

In medium-voltage networks, similarly to low-voltage net-
works, things look different. The request of a new customer
for a connection may not be known in advance, yet it has to
be fulfilled.

Connecting each new consumer affects the network trans-
mission capacity. The capacity may increase or decrease
depending on the solution adopted for the connection. If
the new connection does change the network transmission
capacity, then there is a good reason to finance the new
connection from the means available for improving the net-
work transmission capacity. A problem may appear, how-
ever, since as was mentioned above, the investment on the
network development depends on the difference between the
optimum and real transmission capacity. Should it happen
that no such difference occurs as in the case of an opti-
mum network, no investment expenditure will be allowed
for to finance network development. Yet, it will be neces-
sary to provide some means for financing new connections.
The amount of such investment expenditure should be based
on the real transmission capacity, since the greater the trans-
mission capacity, the greater the number of consumers, and
consequently the greater the number of devices (lower loss),
and potentially, higher needs concerning new consumer con-
nections.

The relationship between the network real transmis-
sion capacity and the investment expenditure on new con-
sumer connections has been examined. The study was not
very extensive because distribution companies are generally
unwilling to reveal data on this kind of investment. The results
led to establishing correlation coefficients rxy = 0.7676 with
four degrees of freedom. This entails a correlation relation-
ship at the level of 90% of significance, which may be con-
sidered insufficient, since the usual standard in technology
is 95%, which would be attained if the correlation coeffi-
cient was equal to or higher than 0.811 > 0.768. Since in this
case, however, the regression equation will not be applied, it
can be assumed that the correlation between the real trans-
mission capacity and the investment expenditure has been
sufficiently proven, and consequently, that the financing of
new connections is associated with the transmission capacity.

It is more complicated to decide about the amount of
expenditure needed. As far as possible, the data on the amount

of investment spent on connecting new consumers as a ratio
of the total investment expenditure have also been analysed.
The share of investment in question varies from low- to
medium-voltage networks and from one area unit or com-
pany to another. For example, in medium-voltage networks
investment on new connections is about 30–40% of the total
investment expenditure.

As was mentioned, there is no need for a distribution com-
pany to provide a full means for financing new connections.
The company, or its area units will be able to cover part of
the cost from the basic share of investment expenditure cal-
culated on the basis of the difference between the real and
optimum network transmission capacity. The separate pro-
visions to cover the cost of connections are necessary ‘just
in case’, if the basic share turns out to be insufficient. In
this paper it is assumed that the extra expenditure is at the
level of 50% of the total cost of new connections, so for the
medium-voltage network it is 35/2 = 17.5% of the total net-
work modernization and development cost. The possibility
should also be allowed for of adjusting the actual amount by
±10% in the calculation program. Such adjustment can be
made by the person performing the calculations. It is, how-
ever, vital that the range of the adjustment is the same for all
area units.

5.3 Low-voltage network

The only difference with respect to the medium-voltage net-
work is that here the investment expenditure on new con-
sumer connections have to be relatively higher as compared
to total expenditure in all low-voltage network. They are usu-
ally about 60–80% of the total investment expenditure. Anal-
ogously to the medium-voltage network, it is assumed that it
suffices to provide half of the expenditure necessary, which
will amount to 35% of the total investment cost. The ±10%
adjustment is also allowed for.

5.4 Investment expenditure distribution—a summary

The following procedure is assumed:

1. The total investment expenditure
∑

Nr on the network
development and modernization is established.

2. The cost of new consumer connections in the 110 kV
network during the period considered is subtracted

Nr =
∑

Nr − Np110 (19)

3. The results of loss calculations performed by the soft-
ware STRATY are the basis of obtaining the real trans-
mission capacity εp for all the networks in an area. In the
case of the 110 kV network, the transmission capacity
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is calculated only for the whole distribution company
and in the case of medium- and low-voltage networks
also for the particular area units. For the 110 kV and
medium-voltage networks only the load loss in lines
are considered. For the low-voltage network, the per-
centage loss for the sum of the load loss in lines and the
total loss in medium/low voltage transformers has to be
taken into account. The percentage loss is calculated
with respect to the total energy input in a network. The
following parameters are thereby obtained

• εp110—the 110 kV network transmission capacity,
• εpSN = ∑i εpSNi—the sum of transmission capaci-

ties of the medium-voltage area units—i—the num-
bers of area units

• εpnN = ∑i εpnNi—the sum of transmission capaci-
ties of the low voltage are units—i—the numbers of
area units

4. On the basis of the formulae presented in Sect. 3
the optimization of the low- voltage, medium-voltage,
and 110 kV networks is performed. The optimization
concerns calculating the optimum loss, which for the
medium-voltage and 110 kV networks is the load loss
in lines, whereas for the low-voltage network, the load
loss in lines and the medium-/low-voltage transformer
loss are optimized jointly.

5. The optimum transmission capacity for the particular
networks, by voltages and by area units is obtained.
For the 110 kV network, the transmission capacity is
calculated for the whole distribution company. The fol-
lowing parameters are obtained:

• εpo110—the optimum transmission capacity for the
110 kV network,

• εpoSN = ∑i εpoSNi—the sum of the optimum trans-
mission capacities of the medium-voltage network
area units—i—the numbers of area units

• εponN = ∑i εponNi—the sum of the optimum trans-
mission capacities of the low-voltage network area
units—i—the numbers of area units

The optimum transmission capacity εpo is obtained by
dividing the energy input in a network by the optimum
percentage loss indicator.

6. The differences between the optimum and real trans-
mission capacities for the particular networks εpoi − εpi

= �εpi are determined (Table 5). The same is done for
the 110 kV network at the level of a distribution com-
pany.

7. Then the lowest value of the difference is found. This
value is added to or subtracted from the differences so
that the lowest value of the difference is zero. For exam-
ple, if the lowest difference is −55.62, 55.62 is added
to all the differences (including the 110 kV network).

8. The sets of standardized differences between the opti-
mum and real transmission capacities are added within
the same voltages. Three values are obtained for each
voltage

i∑
�εpin,

i∑
�εpis, �εpi110

The total investment expenditure is divided accord-
ingly, possibly after initial subtracting the sum intended
to cover the cost of connecting new consumers to the
110 kV voltage network.

Nr110 = Nr�εp110∑i
�εpin + ∑i

�εpiS + �εpi110

NrSN = Nr
∑

� εpis∑i
�εpin + ∑i

�εpiS + �εpi110

NrnN = Nr
∑

�εpin∑i
�εpin + ∑i

�εpiS + �εpi110

The above are investment expenditures allocated to the
networks of the respective voltages.

9. In the case of medium- and low-voltage networks the
share of investment expenditure intended to cover the
cost of new consumer connections is subtracted. In this
way, for each network two qunatities are obtained

• Investment on new connections,
• Investment on the network development and modern-

ization.

The new connection investment is

– For the low-voltage network

Nnpn = 0.35 · NrnN ± 10% · 0.35 · NrnN

– For the medium-voltage network

Nnps = 0.175 · NrSN ± 10% · 0.175 · NrSN

The development and modernization investment is
– For the low-voltage network

Nnpn = 0.65 · NrnN ∓ 10% · 0.35 · NrnN

– For the medium-voltage network

Nnps = 0.825 · NrSN ∓ 10% · 0.175 · NrSN

10. The investment expenditures on the development and
modernization are divided according to the criteria pre-
sented in Sect. 4, for each network. (Tables 5, 7).

11. The investment expenditures on the new consumer con-
nections are divided among the area units on the basis
of the real transmission capacity:
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• For the low-voltage network

Npni = Nnpn · εpnNi∑i εpnNi

• For the medium-voltage network

NpSi = Nnpn · εpSNi∑i εpSNi

12. Finally, the following are obtained: two quantities for
every area unit: one for the low-voltage network, the
other for the medium-voltage network representing the
spending on the network development and moderniza-
tion and two more quantities: one for the low-voltage
network and the other for the medium-voltage network
representing the spending on new consumer connec-
tions. Apart from those, a separate value is provided
for the development and modernization of the 110 kV
network, and possibly new connections to it.

6 Conclusions

Basing the distribution of investment means on the difference
between the real and the optimum transmission capacity of a
network is a rational policy. It will be so even if some flaws
occur in the calculations of the optimum values as long as
the calculations for all the networks are based on the same
cost coefficients.

Open Access This article is distributed under the terms of the Creative
Commons Attribution Noncommercial License which permits any
noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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